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1 | INTRODUCTION

Invasive species pose a threat to global biodiversity (Molnar
et al.,, 2008). Management efforts to control invasive species re-
quire long-term policy decisions that are informed by the best
available information (Epanchin-Niell & Wilen, 2012). Furthermore,
these decisions need to be carefully developed, and ideally driven
by empirical analyses (Love et al., 2018). Invasive species manage-
ment actions can be expensive and time-intensive and determining
effectiveness can take years leading to delays in adapting strat-
egies (Love et al., 2018). Consequences of long-term policy deci-
sions are high, as poor management of invasive species can have
irreversible ecological, economic, and political outcomes crossing
governmental boundaries.

Deciding how to deploy limited management resources to com-
bat invasive species depends on the characteristics and dynamics
of the species, ecosystem, and human stakeholders. Environmental
heterogeneity within an invaded range can lead to spatial differences
in species behaviour and population dynamics that must be consid-
ered when predicting the population responses of invasive species
to potential management actions (Lustig et al., 2019). Accounting
for metapopulation dynamics can be critical in managing advancing
populations (Baker, 2017; Pepin et al., 2020). To this end, spatially
explicit population models are an important tool for identifying
and evaluating long-term management decisions (Day et al., 2018;
Lustig et al., 2019). Models incorporating source-sink dynamics can
be useful for understanding consequences of current management
actions (Paquet et al., 2020), evaluating relative effects of manage-
ment alternatives (e.g. removal versus movement deterrents; Pepin
et al., 2020), and identifying critical locations to focus management
actions (Baker, 2017; Pepin et al., 2020; Perry et al., 2017). The in-
sights gained from these models can enhance the effectiveness of
control programs despite the costs and challenges of collecting the
spatially and temporally explicit data needed for the models.

Managing non-native, invasive carps has become an important
conservation issue (Chapman et al., 2021). North American agen-
cies have placed specific attention on controlling and containing
silver carp Hypophthalmichthys molitrix and bighead carp H. nobilis,
collectively known as bigheaded carp. Managers particularly seek
to prevent populations in the Mississippi River basin from spread-
ing into the Great Lakes (Cuddington et al., 2014), where they could
cause severe ecological and economic damage (Tsehaye et al., 2013).
Management efforts to prevent spread to the Great Lakes can also
reduce and possibly mitigate impacts occurring within the lllinois
River (Sass et al., 2014), which provides an artificial hydrologic con-
nection between the Mississippi River basin and the Great Lakes.
The Invasive Carp Regional Coordinating Committee (ICRCC; pre-
viously Asian Carp Regional Coordinating Committee) consists of

international, federal, state, and municipal partners and organizes
long-term management efforts (ICRCC, 2022). As one goal, the
ICRCC seeks to minimize propagule pressure on a series of electric
dispersal barriers located upriver from the current invasion front
(Parker et al., 2016).

To achieve the goal of minimizing upriver propagule pressure
and preventing range expansion, management actions have primar-
ily focused on reducing abundance of adult bigheaded carps near
the invasion front (Coulter, MacNamara, et al., 2018) and by taking
advantage of existing movement deterrents (i.e. lock and dam struc-
tures) to limit upriver movement (Coulter, Brey, et al., 2018). Although
removal efforts have been focused on reducing abundance near the
invasion front (Coulter, MacNamara, et al., 2018), additional harvest
farther downriver on the source population might also support the
goal of minimizing propagule pressure upriver from the invasion front
(Baker, 2017). Additionally, a variety of deterrence technologies have
been investigated (Cupp et al., 2021) that, if effective, could be placed
at existing navigation lock structures to further decrease passage.
Assessing deterrent locations and effectiveness of harvest needed to
elicit desired population responses will be important for successful
long-term management as part of integrated approaches.

We developed a spatially explicit population model to assess
the potential effects of alternative management actions on the in-
vasive bigheaded carp populations of the lllinois River. A population
model has previously been developed for bigheaded carp in this
river (Tsehaye et al., 2013) however, the model did not account for
metapopulation dynamics, which have been recently documented in
bigheaded carp (e.g. spatial differences in growth, reproduction, and
movement; Coulter, Brey, et al., 2018; Parkos et al., 2021). Therefore,
the objectives of our study were to develop a spatially explicit pop-
ulation model for bigheaded carp in the lllinois River to assess the
effects of the location and effectiveness of removal efforts and
movement deterrents on population dynamics. This model, known
as the spatially explicit invasive carp population (SEICarP) model,
represents a conservation tool for predicting the effectiveness of
directed management efforts to contain the spread of these invasive
species and reduce population numbers.

2 | MATERIALS AND METHODS
2.1 | Studyarea

The lllinois River, approximately 526km long, connects the
Mississippi River to Lake Michigan through the Chicago Sanitary
and Ship Canal (Lian et al., 2012). The lllinois River includes a series
of locks and dams, fragmenting the river into eight pools (Figure 1).
Brandon Road and Lockport pools were excluded because they
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FIGURE 1 Pools of the lllinois River
(Alton through Dresden Island pools)
within which bigheaded carp population
dynamics were modelled. Brandon and
Lockport pools are included for refence.
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are upriver of the current invasion front (i.e. Dresden Island Pool),
which is 64 river km downriver of Lake Michigan. The remaining
six pools (i.e. study area) can be grouped into lower river (Alton, La
Grange, and Peoria pools; hereafter, lower river) and upper river
pools (Starved Rock, Marseilles, and Dresden Island pools; hereaf-
ter, upper river) based on several characteristics. Pools in the lower
river are longer (each ~130 river km) with flow conditions and con-
nected backwater lakes allowing bigheaded carp reproduction
and recruitment (Parkos et al., 2021; Sass et al., 2010) resulting
in higher invasive carp densities relative to the upper river pools
(Coulter, MacNamara, et al., 2018). Further, the wicket-style dams
separating the pools in the lower river allow for relatively greater
movement rates among pools during high flow (Coulter, Brey,
et al., 2018). Limited commercial fishing for invasive carp occurs in
the lower river. In contrast, upper river pools are relatively short
(~23-40 river km) and lack connected backwaters. Adult densities
are lower in the upper river (Coulter, MacNamara, et al., 2018) and
recruitment does not appear to occur in these pools (McClelland

et al., 2012). Evidence suggests immigration from the lower river
sustains bigheaded carp abundance in the upper river (Coulter,
Brey, et al., 2018; McClelland et al., 2012; Sass et al., 2010).
High-head dams with Tainter gates (see Koel & Sparks, 2002 for
design descriptions) separate pools in the upper river, reducing
movement rates and, thus, connectivity among upper river pools
(Coulter, Brey, et al., 2018; Koel & Sparks, 2002). Intensive removal
of bigheaded carp by state contracted commercial fishers occurs
within the upper river to reduce adult abundances and, therefore,
curb the risk of range expansion upriver toward Lake Michigan
(MacNamara et al., 2016).

2.2 | Modelstructure
We developed a spatially explicit model simulating bigheaded
carp population dynamics in annual time steps using survival,

growth, inter-pool movement, and recruitment sub-models. Table 1
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TABLE 1 Input parameters for each species based upon sub-model. If parameters were constant across all pools, the parameter were not

‘unique per pool’.

Sub-model Parameter(s) n

Movements Between pool transitions 36
von Bertlanaffy Growth coefficient 1
von Bertlanaffy Asymptotic maximum length 1
von Bertlanaffy Natural mortality 1
Female length-maturity Intercept 1
Female length-maturity Slope 1
Length-weight Intercept 1
Length-weight Slope 1
Ricker recruitment Average recruitment without 6

harvest per pool

Ricker recruitment Unfished level of reproductive 6

output per pool

Ricker recruitment Steepeness 1

summarizes all input parameters and their source. Sub-models were
applied in sequential fashion, starting with survival. The number of
fish (N) in pool p and length class I (class width=100mm, ranging
from 100 to 1300mm) surviving to the next time step (next year)
was calculated as

Npses1 = Npje (1 =M)(1=vF,),

where M is annual natural mortality rate (time, length and pool invari-
ant) and v, and Fp are user-defined terms representing length-specific
harvest vulnerability and an additional harvest mortality rate, respec-
tively. Mortality rates are finite rates for the fraction lost each year.
Following survival, annual growth of each length class is up-
dated. Pool-specific populations, in terms of numbers in each length
class, are multiplied by the probability of transitioning from the cur-
rent length class to the next length class. Transition probabilities
were calculated using an age-independent formulation of the von
Bertalanffy growth function (Sullivan et al., 1990), which describes
the change in length, Al, over 1year as a function of current length [,

asymptotic length L_, and the growth coefficient k,

Al= (L, — 1) (1—e™).

Annual net movement among pools was then simulated by multi-
plying the number of individuals per pool by a movement probability
matrix. Each element of the movement matrix describes the move-
ment probability among the six pools included in the underlying move-
ment model developed by Coulter, Brey, et al. (2018). Only fish larger
than the length at 50% maturity were allowed to move between pools,
reflecting observations by Coulter, Brey, et al. (2018) and long-term
field results (e.g. dearth of sub-adult captures in upper river pools).

Recruitment is the final sub-model and was estimated using a
Ricker stock-recruitment relationship (Ricker, 1954). The specific
formulation of the Ricker model followed the formulation by Punt

Unique per pool Source

Yes Coulter, MacNamara, et al. (2018) and Coulter,
Brey, et al. (2018)

No Erickson, Kallis, Coulter, et al. (2021)

No Erickson, Kallis, Coulter, et al. (2021)

No Erickson, Kallis, Coulter, et al. (2021)

No Erickson, Kallis, Coulter, et al. (2021)

No Erickson, Kallis, Coulter, et al. (2021)

No Erickson, Kallis, Coulter, et al. (2021)

No Erickson, Kallis, Coulter, et al. (2021)

Yes Arbitrary, selected based upon pool length

Yes Arbitrary, selected based upon pool length

No Evaluated sensitivity analysis within this paper

and Methot (2005) which predicts the number of recruits (R) as a
function of the average recruitment without harvest (R,), the spawn-
ing stock biomass (B), the unfished level of reproductive output (S,),
and a steepness parameter (h),

B

R= Ro SE e(”"(sh)) _500.8

A von Bertalanffy growth function that predicts length as a func-
tion of the asymptotic maximum growth rate (I.), growth coefficient
(k), and age was used to calculate the length of age-1 fish

length = I, (1 — eh<aee) (1)

Specifically, age was set to 1 in Equation (1) to assign recruits to the
length at age-1 length bin and then recruits were placed in the pool
where spawning occurred.

2.3 | Model parameterization

We used data from fishery-independent and fishery-dependent
collection efforts to estimate bigheaded carp demographic rates.
A superset of data has been released as part of broader modelling
efforts, which includes data from the Ohio and Mississippi rivers
(Erickson, Kallis, Coulter, et al., 2021). The demographic rates used
herein were based on data collected from pools in the lllinois and
upper Mississippi rivers during 1997-2015 (see online Supporting
Information for silver and bighead carp model inputs).

We used methods from Midway et al. (2015) to fit Bayesian hier-
archical models, specifically a von Bertalanffy growth curve, a func-
tion that relates the probability of female maturity to their length,
and a length-weight relation. Equations 1-3 in Midway et al. (2015)
present the von Bertalanffy growth curve and Equations 5-7 in
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Midway et al. (2015) present the logistic model used for the prob-
ability of female maturity as a function of length. The log,,-log,,
length-weight relation was modelled using a similar mode, but is not
included in Midway et al. (2015) so the equations are included here,
which include an intercept, «;, a slope f;, and a hierarchical error
term, €ifj] for each pool, j,

logyo(length) ~ o; + p;log,(weight) + €ifj]

| |~ MVN(,5),and
Bi

p~In(ap).

Although we were able to fit models for specific pools, our un-
certainty estimates were unreasonable, so we used the hierarchal
estimate across all pools for each pool. We used the approach of
Then et al. (2015) to estimate natural mortality as a function of
growth parameters and used movement data from Coulter, Brey,
et al. (2018). Our movement data (Coulter et al., 2022) differed
slightly from Coulter, Brey, et al. (2018) because we used movements
drawn from MCMC chains generated in Program MARK from the
top-performing models (Coulter, Brey, et al., 2018) rather than using
the summary data presented in the original paper for both bighead
and silver carp (Kallis et al., 2021).

A Ricker stock-recruitment model, expressed in terms of steepness
of the relationship, characterized adult spawning to age-1 survival for
each pool. Conditions conducive to strong recruitment such as suitable
flow and temperature likely covary through time among pools (Sullivan
et al.,, 2018). Thus, we assumed that if recruitment occurred in one pool,
it occurred in all recruiting pools. The steepness parameterization re-
quires three terms including recruitment (R;) and spawning stock bio-
mass (Sy) levels from an unfished population and steepness (h), which
is defined as the proportion of R at 20% of S, (Kinzey et al., 2019).
Values for the initial slope of the stock-recruitment relationship (Tsehaye
et al., 2013) were converted to h, for each species. Appropriate S, and
R, values were not available for our study species. Thus, we set R in the
largest pool included in our study (i.e. Alton Pool) to an arbitrary value of
1000 and scaled the remaining values by pool length. The value of 1000
was selected because population estimates do not exist for the lllinois
River, and managers use our model to understand where in the lllinois
River, the relative mount, and what size fish to harvest rather than the
absolute number to harvest. Ideally, population sizes in the model could
be matched to empirical estimates, but those estimates do not exist at
this time. Values of S, for each pool were calculated as a function of R
by assuming a stable length distribution using mean demographic rates.

2.4 | Initial populations

The model was initialized using stable length distributions con-
structed from mean demographic rates (i.e. the stable length

distributions based upon prior runs were used for the simulations
initial conditions). Initial abundances were determined using the
stock-recruitment functions for each pool. Specifically, we set the
pool with highest density of bigheaded carp (silver carp: La Grange;
bighead carp: Peoria) to S, and scaled the remaining pools using hy-
droacoustics density estimates (Coulter, MacNamara, et al., 2018),
thus preserving the relative differences in abundance among pools.
Lastly, consistent with field data where small bigheaded carp are
not observed in the upper pools and our assumption about size-
dependent movement between pools, fish smaller than the length
at 50% maturity were not included in initialized populations in the
upper pools.

2.5 | Model uncertainty

The model incorporated two levels of uncertainty: variability in
demographic and movement rates and temporal variance in re-
cruitment. Uncertainty in demographic and movement rates was in-
corporated by repeating 25-year simulations for each management
scenario using 100 iterations. Growth, maturity, natural mortality,
length-weight and movement parameters were randomly selected
from the Bayesian posterior distributions for each parameter and
then used to predict expected inputs for the model. Interannual
(temporal) variability in reproductive success (i.e. year class failure
and success) was included using a Bernoulli distribution (Gibson-
Reinemer et al., 2017). For each annual time step, the number of in-
dividuals estimated from the stock-recruitment functions was added
to the populations with probability 0.5. This probability was esti-
mated from the relative frequency of historically observed success-
ful reproduction events in the La Grange pool of the lllinois River.
The data used were for 2000 to 2015 from the USGS Long-Term
Resource Monitoring (LTRM) element of the Upper Mississippi River
Restoration Program data (https://umesc.usgs.gov/data_library/
fisheries/fish_page.html, Accessed 5 July 2023). Annual data were
used to classify reproduction in a pool as successful when the catch
of age-0 fish (i.e. <250 mm total length [TL]) was >0.

2.6 | Simulated management scenarios

We evaluated bigheaded carp population responses to possible
management actions of additional harvest mortality and decreased
upriver movement rates, with each species modelled separately.
We simulated different combinations of fractional harvest mortal-
ity (0-1in 0.25 intervals) in the lower (Alton, LaGrange, Peoria) and
upper river (Starved Rock, Marseilles, Dresden Island). Harvest mor-
tality was limited to fish greater than 500 mm total length.

Effects of upriver movement deterrents on bigheaded carp pop-
ulations were simulated under different combinations of deterrent
efficiencies, including reductions of 0.25, 0.50, and 0.75 of base-
line movement values at Starved Rock, Marseilles, and Dresden
Island Lock and Dam. Thus, if bigheaded carp had a 10% probability
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of moving between two pools, a reduction of 0.25 would have a
movement probability of 7.5%. We conducted separate simulations
evaluating effects of increased adult harvest mortality and upriver
movement deterrence, as well as selected combinations of both
being imposed together. Specifically, we examined all combinations
of upper and lower harvest rates of O and 0.25 (4 scenarios), de-
terrent locations at each of the three upper locks (3 scenarios), and
three deterrent levels (0.25, 0.5, and 0.75) for a total of 36 different
scenarios.

Proportional change in bigheaded carp abundance relative to the
no action, reference, scenario (i.e. zero harvest mortality and baseline
movement rates) was used to quantify and compare performance of
the possible management actions in the leading edge of the invasion
(i.e. Dresden Island Pool). Proportional change was calculated at the
end of each 25-year simulation by dividing the number of fish alive
in Dresden Island Pool by the number alive under the reference sce-
nario. We also included the relative changes for harvest scenarios for
all pools in Supporting Information (Erickson, Kallis, & Glover, 2021).
We performed 100 replicate simulations for each management sce-
nario to capture the effects of demographic parameter and temporal
variability in reproductive success. We used the same realization of
stochastic replicates (demographic rates and stochastic spawning
years) for all harvest and movement management scenarios to gen-
erate results that only differed by the specific management actions
while including stochasticity. We compared possible management
scenarios with respect to their ability to achieve a 90% reduction in
proportional change values. This metric measures the likelihood that
a specific set of management actions would result in a leading-edge
pool abundance that was <90% than the reference simulation.

3 | RESULTS

Predicted abundances by pool under reference conditions showed
quasi-stable equilibria in all pools with the upper pools requiring
about a 5-year transition period (Figure 2). Populations generally
persisted in each pool (except Marseilles for silver carp), with popu-
lation abundances higher in the lower pools than the upper pools.
Although rare, certain stochastic realizations went functionally ex-
tinct (<10 individuals) in each pool. Extinctions were associated with
extreme combinations of parameter values (e.g. extremely large size
at maturity and low growth rates). The Marseilles population of silver
carp became functionally extinct within the model with most sto-
chastic realizations resulting in a population less than 10 individuals
within 10vyears (Figure 2).

Model simulations showed that harvest mortality as the solo
management tool was more effective when applied to the lower
river compared to when applied to the upper river (Figure 3). The
model predicted a strong response in silver carp abundance at model
year 25 with increasing harvest in the lower lllinois River. The model
also predicted that bighead carp populations would immediately de-
crease in response to increased lower river harvest. Both species
showed little response to increased upper river harvest for a given

level of lower river harvest. For example, the probabilities of reach-
ing target reduction levels (i.e. 90% change) for silver carp at the
invasion front (Dresden Island Pool) were 17%, 45%, 90% and 100%
at lower river harvest mortality rates of 0.25, 0.5, 0.75, and 1.0, re-
spectively. In contrast, the probability of achieving target reduction
levels using an upper river only harvest strategy was relatively low
(5%, 12%, 26% and 34% for the same respective levels of silver carp
harvest). Indeed, setting upper river harvest mortality to a high level
(i.e. 1.0) still required an additional lower river harvest mortality rate
of 0.3-0.4 to have a 50% probability of reaching the target reduction
level.

Model results also showed the influence of deterrents on
Dresden Island Pool target levels. Movement deterrents strongly
influenced the relative population of bigheaded carp in the Dresden
Island Pool (Figure 4). Additionally, a pattern emerged for bigheaded
carp when the deterrent was located farther downriver in the upper
river. Specifically, the placement caused a greater decrease in the
relative Dresden Island population size compared to placing the de-
terrent farther upriver (e.g. the model indicated that the placement
of a deterrent system would be more effective for controlling up-
river populations if it were placed at Starved Rock Lock and Dam
compared to Dresden Island Lock and Dam).

This pattern emerged consistently across harvest mortality lev-
els for both silver and bighead carp simulations. Although movement
deterrents reduced Dresden Island population size, deterrent-only
strategies could not achieve target reduction levels, even at high de-
terrence rates. For example, the probability of reaching the target
reduction level for silver carp was only 1% for a deterrent with high
effectiveness (i.e. 0.75) placed at the optimal location (i.e. Starved
Rock Lock and Dam). Including an additional 0.25 harvest mortality
in the upper and lower river pools, however, resulted in a 9% proba-

bility of reaching the target reduction level (Figures 3 and 4).

4 | DISCUSSION

Our development and use of the SEICarP model highlight the impor-
tance of metapopulation dynamics when evaluating invasive species
management options. Model results indicated that changes to his-
torical management actions, particularly through the location of ad-
ditional harvest, could have a greater effect on achieving long-term
management goals than the historical management actions alone
(Epanchin-Niell & Wilen, 2012). We also identified specific geo-
graphic locations where new movement deterrent technologies may
be most effective at inhibiting upriver movement from source popu-
lations. Investigations into efficacies of deterrents in these locations
may help further identify management alternatives and could be
used in future model predictions. Accounting for such spatial dy-
namics when evaluating management options can result in improved
control outcomes as well as strategies that are more cost effective
(Lustig et al., 2019). These findings will allow for the most adaptive
and proactive management planning when developing long-term

strategies to combat these invasive species.
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Incorporating spatial dynamics and size-dependent movement
into our model indicated that the best additional actions to take
to achieve long-term conservation goals are to adopt different

management strategies for the upper and lower lllinois River. Limiting
invasion risk to the Great Lakes via reducing abundance at the inva-
sion front (Dresden Island Pool) can be accomplished using a size
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selective harvest strategy (e.g. harvesting fish longer than 500 mm)
with relatively low exploitation rates targeting critical source loca-
tions. A previous modelling effort suggested harvest across all sizes
may be needed to collapse the population (Tsehaye et al., 2013) but
our model, which incorporates additional spatial details, reveals this
is not necessary for reducing upper river abundance, specifically the
population in Dresden Island.

Removals focused on large individuals can have multiplying
benefits on native ecosystem recovery and management outcomes
(Love et al., 2018; Tamburello et al., 2019). Upper river harvest
strategies near the invasion front continue to be effective (Coulter,
MacNamara, et al., 2018; MacNamara et al., 2016) because they di-
rectly reduce abundance and upriver dispersal at or near the inva-
sion front. Our model results support the need for continuing upper
river harvest as a control strategy, recognizing that additional har-
vest efforts allocated toward lower river pools can have markedly
stronger effects on their own, and in tandem may be the optimal
scenario for managers. The model identifies that harvest mortality
rates, if achievable in the lower river environment, can be more ef-
fective at controlling the population at the invasion front than the
same harvest mortality rate within upper river populations exclu-
sively. This second emphasis on downriver harvest may be counter-
intuitive. However, downriver populations are considerably larger
than upriver populations and function as source populations within
the model Thus, the same percent reduction in a downriver pool has

a greater effect than a similar reduction in an upriver pool.

The ability of achieving target mortality rates in the model,
across varying and increasing heterogeneous habitats as one moves
down the lllinois River with commercial, contracted, or other target
fishing alone will depend on bioeconomics, but relationships among
cost, mortality, and fish density are not well understood at this time.
Disrupting metapopulation dynamics in this manner, and thereby
inhibiting population connectivity among habitat patches, has also
been a superior approach to containing and controlling other inva-
sive species (Baker, 2017). Comparing the results for bighead versus
silver carp, the model outputs were generally qualitatively similar,
(i.e. harvesting the source populations rather than the sink popula-
tions and disconnecting the upper and lower river populations re-
sulted in the strongest population declines). We did not have enough
confidence in our model's input data to provide pool specific guid-
ance, which might differ between species, especially for harvest.

The Marseilles Pool's functional extinction of silver carp reflects
multiple components of the model. First, we scaled the model to
have 10,000's of fish in the highest population pool, but best es-
timates from over a decade ago are at least an order of magnitude
larger than this (Sass et al., 2010) and likely at least two orders of
magnitude greater based upon ongoing harvest levels. Second, this
extinction observation is likely a modelling artefact of the current
movement data (e.g. Coulter, Brey, et al., 2018) that favours a stable
distribution with most individuals in the ends of the river (i.e. Alton,
Dresden Island pools). Empirically updated and more representative

of actual population movement data would likely change this model
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artefact. Ultimately, for our applications of the SEICarP model, the
absolute population is not important and avoiding realistic popula-
tion sizes assists users of the model to realize the paucity of empir-
ical population estimates for bigheaded carps in the lllinois River.
Third, if the relatively small Marseilles population size is not a model-
ling artefact, then the pool is still important as a movement corridor
even if it only has a small population and highlights the importance
of movement deterrents.

Similar to harvest scenarios, model simulations involving the de-
terrence of upriver movement rates produced considerable reduc-
tions in abundance at the invasion front (Dresden Island Pool) by
inhibiting connectivity between the lower river source populations
with the upper river sink populations. Reducing connectivity among
patches with existing deterrents, such as lock and dam structures,
increases the effectiveness of harvest (Lustig et al., 2019) and could
destabilize metapopulations (Lurgi et al., 2016). Variability in con-
nectivity is also likely important as flow conditions change (Zielinski
& Sorensen, 2021) but was not included due to a paucity of empir-
ical data. These effects are evident in model outcomes, even with

075 025
Detterrence level

the lack of any fish specific deterrent at locks and dams do limit fish
movement at various rates based upon construction design and op-
erating parameters and goals.

Behavioural deterrents (e.g. acoustics, light, carbon dioxide;
Cupp et al., 2021) could be a way to add additional effectiveness
to these existing lock and dam structures while maintaining normal
operations. These approaches have varying levels of effectiveness
(Noatch & Suski, 2012), and while our model only explores the loca-
tion and effectiveness of generic movement deterrent parameters,
estimates based upon deterrent evaluations could be inserted to
provide more specific evaluations at various locations for efficacy
predictions for management consideration. The strongest effects
of an enhanced movement deterrent were realized at Starved Rock
Lock and Dam, intermediate at Marseilles, and weakest at Dresden
Island, similar to results from Coulter, Brey, et al. (2018). This result
reflects the benefit of containing source populations to downriver
pools that support bigheaded carp reproduction and recruitment.
Although our results suggest that Starved Rock Lock and Dam would
be the most effective deterrent location, this recommendation is
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based solely on impacts to bigheaded carp. Actual implementation
must consider efficacy across variable hydrological regimes and
seasons, impacts to native aquatic species (Altenritter et al., 2019),
overall reliability, economic costs, and other considerations, all of
which would likely vary with deterrent location. For example, ongo-
ing efforts such as the Brandon Road Interbasin Project by the U.S.
Army Corps of Engineers (https://www.mvr.usace.army.mil/Missi
ons/Environmental-Stewardship/BR-Interbasin-Project/, accessed 5
July 2023) is currently considering multiple different structural and
non-structural control measures such as those we previously list.

Our results also highlight the compounding benefits associated
with using an integrated pest management strategy for invasive
species control. The combination of additional lower river harvest
and enhanced movement deterrents to inhibit connectivity among
habitat patches (i.e. river pools) in our study provided relatively high
reductions in bigheaded carp abundance at the invasion front. Using
multiple management approaches would diversify risk if additional
uncertainties not accounted for in the model are realized (e.g. ju-
venile fish moving between pools; juvenile fish produced in upper
river pools) and if one or more control options becomes temporar-
ily ineffective, such as during a maintenance or outage event of a
movement deterrent technology or flooding and freezing that pre-
vent harvest or movement deterrent technologies. Multiple control
strategies can also complement one another where the strengths of
one approach (e.g. deterring movements of all sized individuals) can
account for limitations of another (e.g. harvest targeting only larger
individuals). Similar to other assessments of invasive species control
programs (Brown & Gilligan, 2014; Walker et al., 2015), integrating
multiple control efforts, when possible, would help optimize control
approaches.

While our model predictions can inform future decisions on
where and how to manage bigheaded carp, the diverse sources of
data (e.g. growth, movement, recruitment, survival) needed by such
modelling efforts required us to make simplifying assumptions that
could affect the accuracy of our predictions; such limits are inherent
in all biological models but can be reduced with review and update
as well as additional data. One identified need is for increased spatial
and temporal resolution of movement rates among pools. The model
currently assumes constant, monthly movement rates (Coulter, Brey,
et al., 2018), although additional movement data could identify
monthly or seasonally variable movement rates among pools that
could enhance model predictions and improve management effec-
tiveness by reducing uncertainty (Pepin et al., 2020). Additional
uncertainties include specific density dependent mechanisms that
can affect exploited fish populations (Rose et al., 2001); in our case,
how to represent density-dependent movement rates among pools.
Finally, stock-recruitment models form the basis of many fisheries
models (Shepherd & Cushing, 1980), yet we do not have a sufficient
understanding of this relationship for bighead and silver carp in the
Illinois River to incorporate into the model. Work by Hoff et al. (2011)
has provided quantitative insight into bigheaded carp recruitment in
the lllinois River, but their units mis-matched with ours because they
did not account for differences in catchability of adults and recruits.

Although sensitivity analysis indicated that our results (i.e. propor-
tional declines in abundance) were largely insensitive to the steep-
ness parameter in this relationship (Erickson, Kallis, & Glover, 2021),
future work is required to better understand the sensitivity of model
predictions to other input parameters such the size of fish moving
in the model.

Identifying these data limitations now provides opportunities
for directing future research, as we can use model limitations and
information gaps to inform future data collection and analyses. For
example, understanding seasonal movement patterns of bigheaded
carp could inform the timing of harvest events, whereas under-
standing density-dependent movement responses could help refine
mortality targets needed to reduce upriver dispersal or provide in-
sights into the consequences of concentrating fish below potential
movement deterrent barriers. While our model has opportunities for
enhancing areas of data limitation, invasive species management for
achieving conservation goals is time sensitive. Therefore, our model
predictions provide the best to-date quantitative assessment of al-
ternative management actions that resource managers can use for
making informed, long-term conservation decisions. Overall, our
results support previous work suggesting that metapopulations
can be managed by suppressing source populations (Baker, 2017,
Perry et al., 2017), reducing dispersal (Lurgi et al., 2016), and com-
bining multiple strategies can lead to more effective control (Davis
etal.,, 2021; Day et al., 2018). In the long term, using metapopulation
modelling to inform conservation strategies will increase effective-
ness of management programs (Lustig et al., 2019).

Our general modelling approach can be used to develop meta-
population models for other species invasions, including invasions
that have limited demographic or spatially-explicit data. Initial model
parameterization could be performed with data from their native
range or information from similar species. Initial response actions
should be treated as opportunities for data collection to update
the model as new data become available. The model should then
be assessed to understand how assumptions and uncertainties influ-
ence model predictions, and the results used to prioritize additional
data collection needs. Data collection should be coordinated among
multiple stakeholder groups to rapidly obtain data over a broad spa-
tial scale and to reduce effort and costs for individual stakeholder
groups. Finally, modellers must work closely with resource man-
agers when identifying future data needs and developing model
objectives. This will allow model simulations to be of direct use to
managers based on their logistical limitations and available manage-
ment tools. Without early and consistent engagement from resource
managers, any modelling results will likely not be used to inform de-

cision making.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Appendix S1: Bighead carp inputs and silver carp inputs.
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